In this paper based on the principle of solution thermodynamics for gas-solid equilibrium, a relation is developed to express gas adsorption isotherms. An activity coefficient model based on weight fraction of sorbate in the solid phase has been derived that well describes the behavior of various gases on different types of adsorbents. The proposed model has been evaluated and compared with four other models commonly used for gas adsorption isotherms in the literature. For 12 different systems at various isotherms for the temperature range ؊128 to 100°C and the pressure range 0.02 to 1219 kPa for 689 data points, the proposed model predicts equilibrium pressure with an average deviation of 5.3%, which is about half of the error obtained from other methods. The proposed model clearly outperforms other available methods such as the vacancy solution theory, the ideal adsorption solution model, and other various modified forms of the Langmuir isotherm. Unique features of the proposed model are its simplicity, generality, and accuracy over the entire pressure and temperature ranges.
INTRODUCTION
Environmental concerns have brought about strict regulations to limit contaminant emission. Common gases such as carbon monoxide, carbon dioxide, and hydrogen sulfide are presently removed by temperature swing adsorption (TSA) and/or pressure swing adsorption (PSA). Molecular sieves and selective membranes have made adsorption a most economical and viable unit operation for separation of gaseous mixtures. The complexity of adsorption phenomena and the lack of accurate and complete experimental adsorption data have been major factors influencing the development and application of adsorption technology.
The variation in solid phase concentration of the sorbate, q (mol/kg of adsorbent), as a function of the vapor/gas phase equilibrium pressure, P (concentration of the sorbate, kPa), is expressed by an isotherm. Langmuir (1) has considered simple kinetics and developed the isotherm equation
where b is a constant for a sorbate-adsorbent system at a given temperature. Parameter is the fraction of surface covered by gas molecules. is defined as ϭ0 , [2] where q 0 is the maximum amount of gas adsorbed for full surface coverage and it is a constant for a sorbate-adsorbent system at a given temperature. Combining Eqs. [1] and [2] gives another form for the Langmuir isotherm,
where q 0 and b 0 are the two parameters that must be determined from experimental data.
There are a number of modified forms of the above expression (Eq. [1] or Eq. [3] ) to account for the nonideal behavior of sorbates and the structure of adsorbents. The vacancy solution theory (VST) has been presented by Suwanayuen and Danner (2) based on the Wilson activity coefficient model for the nonideality from the Langmuir isotherm. The VST has the form [4] where ⌳ 12 and ⌳ 21 are the Wilson parameters. When these parameters are equal to unity, Eq. [4] reduces to the Langmuir isotherm, Eq. [1] . Therefore, the VST model is a four-parameter correlation (b 0 , q 0 , ⌳ 12 , and ⌳ 21 ) and these parameters must be determined from nonlinear regression of experimental data on P versus q. In this model convergence in some cases is a problem in obtaining the correlation parameters as discussed by Cochran et al. (3) . The ideal adsorption solution (IAS) theory, proposed by Myers and Prausnitz (4), for mixed-gas adsorption is based on the concept of an ideal adsorbed solution, and by using classical surface thermodynamics, an expression analogous to Raoult's law was obtained. Moon and Tien (5) have suggested a method for calculating multicomponent gas adsorption equilibria from pure component data based on the IAS theory. The single component isotherm data can be expressed by a modified form of the Langmuir equation as
where q 1 , b 1 , and 1 are the three constants for each isotherm. When 1 is zero this equation reduces to Eq. [3] , the Langmuir isotherm.
Khan et al. (6) have suggested a generalized isotherm for bisolute adsorption from dilute aqueous solution. This correlation has a unique characteristic, covering both extremes: the Langmuir isotherm and the Freundlich isotherm. Khan et al. (7) have simplified their generalized equation for pure component adsorption isotherms as follows:
In this correlation three parameters q 2 , b 2 , and 2 must be determined for each isotherm. When 2 is equal to unity, Eq. [5] reduces to the Langmuir isotherm (Eq. [3] ). There are many other modified versions of the Langmuir isotherm such as the 
This equation contains five parameters m, r, s, W, and q 0 . Equation [7] is a modification of the Langmuir equation; when W ϭ 0 and r ϭ s ϭ 1, Eq. [7] reduces to the Langmuir isotherm (Eq. [1] ). The Langmuir isotherm (Eq. [3] ) and all its modified versions (Eqs. [4] - [7] ) fail to perform well at low pressures where 3 0. In addition, the optimization procedure for some of these models, such as the VST model, is tedious in order to obtain the four parameters involved in the correlation. In some occurrences convergence may never be obtained (Cochran et al. (3) ). The main objective of this work is to propose a simple, accurate, and generalized model for gas adsorption isotherms based on the gas-solid equilibrium principles.
PROPOSED THERMODYNAMIC MODEL
In developing our thermodynamic model, we assume that the sorbate gas molecules are adsorbed on porous adsorbent with a constant void fraction providing a uniform distribution. The solid phase can be treated as solid solution of sorbate gas well distributed into the adsorbent having a large void fraction. Applying the principle of solution thermodynamic equilibrium relation between the gas phase and the solid phase based on the equality of fugacities of the sorbate in two phases gives
where f A g is the fugacity of sorbate (component A) in the gas phase and f A s is its fugacity in the solid phase. Now we define the solid activity coefficient of A (␥ A s ) based on the weight fraction of A in the solid phase, z A ,
where f A 0s is the fugacity of solid A at a standard state. We define this standard state at a later stage. The fugacity of A in the gas phase is given by the fugacity coefficient A g f A g ϭ y A A g P, [10] where y A is the mole fraction of A in the gas phase and P is the total pressure of the gas phase. Substituting Eqs. [6] and [7] into Eq. [5] gives
[11] The fugacity coefficient A g can be estimated through an equation of state such as a truncated virial equation. However, at low pressures we can assume ideal gas so that A g ϭ 1. For adsorption of a pure gas ( y A ϭ 1), Eq. [11] becomes P ϭ z␥ s f 0s , [12] in which, for simplicity in writing, subscript A has been omitted for a pure gas. Although the gas phase is pure, the solid phase is a binary mixture of the adsorbent and the adsorbing gas. Therefore, z is the weight fraction of sorbate (adsorbing gas) in the solid phase and (1 Ϫ z) is the weight fraction of the adsorbent in the solid phase.
If the solid phase is ideal, then ␥ s ϭ 1. To derive a relation for the activity coefficient of nonideal solids, we treat the solid phase exactly as we would a liquid. Assuming that the excess Gibbs energy (G E ) for a binary solid can be represented by the Redlich-Kister expansion we have
where A, B, . . . are temperature-dependent parameters that must be determined from experimental data. From the above relation for G E the expression for the activity coefficient in the solid phase is [14] where AЈ, BЈ, . . . are temperature-dependent parameters related to A, B, . . . in Eq. [13] . The relations between these parameters are given by Prausnitz et al. (10) . If the term z 2 and higher terms in Eq. [14] are neglected then it reduces to the three-suffix Margules equation. By substituting ␥ s from Eq. [14] into Eq. [12] for an isotherm we can write At a constant temperature (an isotherm) the fugacity at standard state f 0s is a constant. One common standard state is to take f 0s as the fugacity of a pure solid. The other option is to set f 0s ϭ 1 kPa. However, no matter what standard state is chosen for f 0s for an isotherm it is a constant. Analysis of data on various systems shows that this constant can be set equal to unity. Since even when f 0s is not unity, the constant can be combined with the constants of the activity coefficient model AЈ, BЈ, . . . . Through extensive analysis of gas adsorption isotherms for various gases and adsorbents we found that the most general form of Eq. [15] for a pure gas adsorption isotherm is
where n is an integer number greater than 1. If n ϭ 2, the expression for the solid activity coefficient is similar to the four-suffix Margules equation for liquid systems. For the 12 systems studied in this work we found that the exponent n is either 2 or 5. However, for a given sorbate-adsorbent system n is the same for all different isotherms. We found that n mainly depends on the type of adsorbent rather than the sorbate. For example for various gases adsorbing on activated carbon n ϭ 2 for any gas, while if adsorbent is molecular sieve n ϭ 5 for any kind of sorbate gas. This is mainly because various adsorbents may follow different activity coefficient models. Knowing the value of n for an adsorbent, the proposed method (Eq.
[16]) becomes a three-parameter model. Constants a, b, and c in Eq. [16] can be easily determined from the experimental data. Equation [16] can be converted into a linear form in terms of z as where Y ϭ (1 Ϫ z) Ϫ2 ln(P/z). By simple linear regression of Y versus z, parameters a, b, and c for each isotherm can be determined. Although Eq. [16] is implicit in z, it can be solved by Newton's method to find z when P is known. For systems in which Eq. [16] cannot be applied we may develop a similar relation based on other activity coefficient models used for liquid systems (i.e., van Laar or Wilson models). In such cases the relation for P would be completely different from the form presented in Eq. [16] .
In a limiting case where z 3 0, Eq. [16] reduces to
where parameter k is a constant for each isotherm and for a given system it is only a function of temperature. Equation [18] is similar to Henry's law for the liquid systems and we found that at low adsorption (z Ͻ 0.02) most systems follow Eq.
[18].
Usually data on the amount of gas adsorbed (q) are given in units of mol/kg, std cm 3 /g, or mg/g. For such data z can be calculated from
where M is the molecular weight of sorbate and q in this relation is in mol/kg. If q is in mg/g, then M must be deleted in the above relation. If q is given in std cm 3 /g and the standard conditions are 1 atm and 273 K, then q must be multiplied by 0.002067 before using Eq. [19] . Similarly when z is calculated using Eq. [16] at a given pressure, Eq.
[19] can be used to estimate the amount of gas adsorbed (q) in standard units. Although z, as defined by Eq. [19], is not directly measurable, it is directly related to a measurable property of q. This does not cause any problem in the use of Eq. [16] . At low values of q, one may find Mq is small with respect to 1000 and z ϭ Mq/1000. In other words if q is in mg/g, z ϭ q/1000 and we may replace z by q/1000 in Eq. [16] . It is interesting to note that at low values of q where z Ϸ q ϫ 10 Ϫ3 , we can approximate (1 Ϫ z) 2 by unity and Eq.
[16] will reduce to the truncated virial isotherm (11) .
RESULTS AND DISCUSSION
An extensive data bank on gas adsorption data from various sources was collected. Sources for data and the types of systems studied in this work are given in Table 1 . Constants a, b, and c in Eq. [16] for various systems are given in Table 2 . As shown in this table for every system the value of n in Eq. [16] is the same for all isotherms. The exponent n in Eq. [16] mainly depends on the type of adsorbent, as can be seen from Table 2 for molecular sieve n ϭ 5 and for activated carbon n ϭ 2. For hydrogen sulfide and ethane the amount of gas adsorbed predicted from the proposed model (Eq. [16] ) is compared with experimental data and is presented in Fig. 1 . Weight fraction-based activity coefficients in the solid phase for hydrogen sulfide and isobutane are presented versus pressure in Fig. 2 . Four other adsorption models discussed earlier were used for the purpose of evaluations and comparisons. These four models are VST (Eq. [4] ), IAS (Eq. [5] ), Khan et al. (Eq. [6] ), and Martinez-Basmadjain (Eq. [7] ). Constants obtained for these gas adsorption correlations for the data shown in Table 1 are reported in Tables 3, 4 , and 5, respectively. A nonlinear optimization procedure (modified Rosenbrock technique) as discussed by Rosenbrock (12) was used to obtain the constants for VST (Eq. [4] ), IAS (Eq. [5] ), and Martinez (Eq. [7] ) correlations. The correlation parameters are very sensitive to the initial estimates. The objective function has been defined as the sum of squares of percentage errors to provide equal weightage to each point irrespective of its magnitude. Different models were evaluated based on the deviation between the predicted value of equilibrium pressure (P) and the experimental value. For each isotherm the average absolute deviation (AAD%) for the amount of gas adsorbed was estimated; the deviations are reported in Table 6 . In general 12 different systems of sorbate-adsorbent with a total of 689 data points from various sources were studied. As shown in Table 6 [11] cannot be considered as unity. However, we found that when the gas fugacity is considered, the improvement in Eq. [16] is so minor that for simplicity we did not include gas fugacity corrections for such systems. This in fact is due to adjustment of the parameters a, b, and c for any irregularity in Eq. [16] .
The model presented here may be even further improved for some systems by choosing other forms of the activity coefficient expressed by Eq. [14] . For example, Eq. [16] can be written in a more general form as
where n 1 and n 2 are positive integers. However, for every system we analyzed, Eq. [16] was quite appropriate. But in the case where Eq. [16] fails to suit the data, Eq.
[20] can be used. When Eq.
[20] is applied to System 12 in Table 1 (propylene on activated carbon) at 5°C the resulting parameters are a ϭ 4.69789, b ϭ 50867.1, c ϭ Ϫ8.31 ϫ 10 7 , n 1 ϭ 5, and n 2 ϭ 10. Using these parameters, Eq. [20] can reproduce the experimental data within an average deviation of 3.5%, while using Eq. [16] with the parameters given in Table 2 produces an AAD of 7.0%. For System 12 at 15°C the parameters for Eq.
[20] are a ϭ 4.92652, b ϭ 58325.5, c ϭ Ϫ1.082 ϫ 10 8 , n 1 ϭ 5, and n 2 ϭ 10. Using these parameters Eq. [20] reproduces experimental data with an AAD of 3%, while Eq. [16] gives an AAD of 10%. For Eq.
[20], same as Eq. [16] , the exponents n 1 and n 2 only depend on the adsorbent and they are the same for all sorbate gases and other respective isotherms. Similar improvements may be obtained for other systems. However, for all systems studied in this work Eq. [16] is quite satisfactory. The deviation is within the limits of experimental accuracy and there is no justification for applying Eq.
[20] with four constants.
Results presented in this work indicate that the thermodynamically based proposed method, while it is simpler, outperforms other models for gas adsorption isotherms especially those based on modified forms of the Langmuir isotherm. Parameters a, b, and c in Eq. [16] are temperature dependent. The proposed model is based purely on the principle of phase equilibrium while the Langmuir isotherm or its modified versions are based on chemical equilibrium. Other models are just empirical modifications of the Langmuir isotherm. In fact in this model we have assumed that gas molecules are absorbed into the bulk of a porous solid phase. This is the main difference between the proposed model and other models available in the literature. A more comprehensive model would be to relate the parameters in Eq. [16] to temperature and to develop activity coefficient models for multicomponent gas mixtures.
Equation [16] shows significant improvement for prediction of gas adsorption isotherms. One major and direct application of the proposed model is to estimate equilibrium isotherms for selective adsorption of one compound in a gas mixture. Selective adsorption is important in environmental sciences and pollution control processes.
CONCLUSIONS
In this paper, based on the principle of phase equilibria and the definition of a weight fraction-based activity coefficient model for the solid phase, a simple relation is proposed for adsorption of pure gases. The model has three parameters that can be easily determined from experimental data. The proposed model was evaluated with nearly 700 data points and compared with four other models commonly used in the literature. The proposed model gives an average error of about 5%. els and it can be used to predict adsorption isotherms for selective gas adsorption processes.
